Cell size is fundamental to function in different cell types across the human body because it sets the scale of organelle structures, biosynthesis, and surface transport 1,2 .
smaller cells. Size control is then driven by smaller cells having more time to grow. Evidence for a size-dependent G1/S transition was first provided over 50 years ago 3 and a series of recent single-cell experiments showed an inverse correlation between cell size at birth and the duration of G1 phase [4] [5] [6] . While cell size can be affected by the deletion, overexpression, or chemical inhibition of some cell cycle regulators [7] [8] [9] [10] [11] [12] 16 , the molecular mechanism through which these genes convert cell size into a biochemical activity driving the G1/S transition is unknown.
One mechanism through which cell size and growth can regulate a cell cycle transition is via the dilution of specific cell cycle inhibitors, while other regulatory proteins remain at a constant concentration 17 ( Fig. 1a) . This model was recently shown to apply to budding yeast G1 control,
where cell growth diluted the cell cycle inhibitor Whi5 to trigger cell cycle progression 18 . Whi5 inhibits the G1/S transition by binding and inhibiting key downstream transcription factors 19, 20 . In mammals, Whi5's functional orthologs are the pocket protein family comprising the retinoblastoma-associated protein Rb, p107, and p130 21 . The pocket proteins bind and inhibit the activating E2F transcription factors to control the G1/S transition 22, 23 (Fig. 1b) . Just as deletion of Whi5 in yeast leads to smaller cells, the deletion of pocket family proteins reduces the cell size of mouse embryonic fibroblasts 9, 10 . Thus, the functional similarity between Whi5
and Rb motivated us to test if Rb dilution was a mechanism linking cell growth to cell cycle progression in human cells.
To test if cell growth diluted Rb in G1, we used CRISPR/Cas9 to C-terminally tag one copy of RB at its endogenous locus with two green fluorescent proteins and a triple FLAG epitope tag ( Fig. 1c-d ). We tagged RB in HMEC-hTERT1 cells, a non-transformed human epithelial cell line previously used to identify mutations affecting cell proliferation 24 . We imaged and tracked asynchronously cycling RB-3xFLAG-Clover-sfGFP cells over multiple days using an automated wide field microscope ( Consistent with the Rb-dilution model, the amount of Rb was constant for the first 5-10 hours after mitosis, which corresponded to the G1 phase as measured using a FUCCI cell cycle reporter 25 . Rb amount then increased during S/G2/M cell cycle phases ( Fig. 1f-i ). Meanwhile, the nuclear volume, within which Rb is distributed, increased steadily through the cell cycle ( Fig.   1j ). To further confirm that HMEC cells grow and accumulate protein during G1, we integrated a construct expressing a nuclear-localized mCherry fluorescent protein from the constitutive EF1α promoter and measured its accumulation (Fig. 1k) . Next, we sought to test for the dilution of p21, another important cell cycle inhibitor implicated in G1 control. As for RB, we used CRISPR/Cas9 to tag p21 at its endogenous locus (CDKN1A) with a green fluorescent protein (Extended data Fig. 2 ). Unlike Rb, p21 accumulated in G1 and was rapidly degraded at G1/S, consistent with published reports [26] [27] [28] (Fig. 1l ; Supplementary data Movie 2). Taken together, these experiments show that Rb is likely diluted relative to other proteins during G1 (Fig. 1m ).
To test if Rb is diluted during G1 in different conditions commonly used for cell cycle experiments, we synchronized T98G cells by serum starvation and then followed Rb cell cycle dynamics (Fig. 1n) . We used flow cytometry to measure Rb amount and DNA replication in each cell by immunostaining and EdU incorporation respectively. Consistent with the dilution model, Rb amount was constant until accumulation began just before the initiation of DNA replication ( To test if Rb was diluted in different cell lines, we turned to immunostaining and flow cytometry because it does not require genome editing and is high-throughput. Cell size was estimated from forward scatter, which correlated with total protein dye measurements (Extended data Fig. 4a-d), and cell cycle phase was determined using DAPI DNA stain. We found that Rb amounts are independent of cell size in G1, while β-actin amounts increased with cell size in four different human cell lines, including primary lung fibroblasts ( Fig. 2a-d ). To further confirm Rb dilution, we sorted cells into bins with different mean cell sizes and immunoblotted for Rb and β-actin.
Consistent with our previous results, we found that Rb concentration decreases during G1
(Extended data Fig. 4e-f ).
Next, we sought to test if other regulator protein amounts increased with cell size during G1 using immunofluorescence and flow cytometry (Extended data Fig. 5a-p) . The amount of p107, a close relative of Rb that also inhibits E2F transcription factors, was relatively constant during G1. In contrast, the amounts of the cell cycle activators E2F1 and cyclin D1, and of the cell cycle inhibitors p21 and p27, as well as housekeeping genes such as β-actin and GAPDH, increased with cell size in G1. To characterize the degree of size-dependency of protein amounts, we fit a line to the flow cytometry data after normalizing this data to the mean values ( Fig. 2e-f) . One mechanism through which an Rb concentration decrease could drive G1/S would be through titration by the amount of activating E2F transcription factors (Extended data Fig. 5q ). In this model, larger cells will have higher concentrations of free E2F1 molecules not bound to Rb and will therefore activate transcription to initiate the G1/S transition.
We next sought to determine how Rb dilution in G1 arose from its synthesis and degradation dynamics. To measure RB mRNA dynamics, we used fluorescence activated cell sorting to isolate cells from different cell cycle phases and cell size fractions based on their DNA content and forward scatter (Extended data Fig. 6a ). From these populations of cells, we then isolated cellular RNA and performed RT-qPCR. RB mRNA concentration is low in G1, intermediate in S
and high in G2 phase, which reflected our protein measurements (Fig. 1f, 3a) . To determine Rb protein stability, we generated an HMEC-hTERT1 cell line carrying a doxycycline-inducible
Clover-3xFLAG-RB allele (Extended data Fig. 6b-c) . We stimulated cells with doxycycline (Dox) for 48h, then washed out Dox and measured Rb amount with immunoblots ( Fig. 3b) . Rb half-life was ~29 hours, which is longer than the average cell cycle duration 16.6 ± 0.5 hours (± s.e.m.; Fig. 6d ). In these mitotic cells, Rb amounts were similar while β-actin amounts increased with cell size (Fig. 3d-e) . This size-independence of Rb amounts could be the result of Rb synthesis rate and S/G2/M duration both being independent of cell size. To test this, we imaged live HMEC-hTERT1 RB-3xFLAG-Clover-sfGFP cells and estimated cell size as the nuclear volume, which correlates with total protein dye measurements 6 (see methods; Fig. 3f ). Indeed, we found that the synthesis rate of Rb and the duration of S/G2/M are both size-independent ( Fig. 3g-i ).
Size-independence of Rb amounts at cell birth depends not only on size-independent synthesis in mother cells, but also on the symmetry of partitioning at division. HMEC-hTERT1 cells partitioned an mCherry-NLS protein reporter so that there was typically a 5-10% difference in amounts between the two daughter cells. However, Clover-3xFLAG-Rb was more accurately partitioned and its median difference was less than 1% (Fig. 3j) . This may be due to Rb associating with chromosomes during mitosis, which provides an elegant mechanism for equal partitioning ( Fig. 3k-l 35 . Tumors were allowed to engraft and grow for five days before we induced expression of the exogenous Rb allele (Fig. 4a) . After 14 days of RB induction the mice were sacrificed, and the tumors were extracted and analysed by immunohistochemical staining (Fig. 4b) . Some tumor cells expressed Clover-3xFLAG-RB and some did not.
Importantly, cells expressing Clover-3xFLAG-Rb had larger nuclei (Fig. 4c ). Since nuclear volume is frequently highly correlated with cell volume 6, 36 . We therefore added a low dose (100nM) of the Cdk4,6 inhibitor palbociclib to our media to partially restore Rb activity in wildtype cells (Extended data Fig. 8b ). In these conditions, cells continued to cycle, were slightly larger, and were sensitive to changes in Rb concentration ( Fig. 4d-e) . Based on these results, we conclude that tissue culture cells treated with a low dose of palbociclib provide a good model to investigate Rb-dependent size control.
Size control through size-dependent cell cycle progression manifests as an inverse correlation between the size of a cell when it enters a particular cell cycle phase, and the duration of that cell cycle phase. The increased phase duration then allows smaller cells time to grow more than the initially larger cells. To measure cell size in live asynchronously cycling cells, we used nuclear volume as a proxy because it correlates well with measurements of total protein content ( Fig. 3f ). Indeed, we observed an inverse correlation between nuclear volume at birth and the duration of G1 as well as the amount of cell growth in G1 ( Fig. 4f-g ). In contrast, the duration of S/G2/M was not correlated with cell size (Fig. 4h) . Moreover, these inverse correlations were eliminated by RB knockout ( Taken together, our data show that the transcriptional inhibitor Rb and the related protein p107
are diluted by cell growth during the G1 phase of the cell cycle, while other G1/S regulators remain at nearly constant concentration. This provides a long-sought molecular mechanism through which cell growth can drive cell cycle progression in mammalian cells. Importantly, the Rb dilution mechanism does not require progressive phorphorylation by cyclin D/Cdk4,6 in G1
and is therefore consistent with a recent report showing constant hypo-phosphorylation of Rb through most of G1 38 . Finally, we note that Rb-dilution can operate in parallel to other mechanisms, including the recently identified roles for p38 and cell growth rate 5, 6, 12 .
Our work demonstrates the importance of measuring protein concentration dynamics. Previous genetic studies showed that Rb and p107 deletion, as well as cyclin D or E overexpression, reduced cell size, and genome-wide screens have identified additional regulators involved in size homeostasis including Largen and p38 MAPK [7] [8] [9] [10] [11] [12] 39 . However, while deletion and overexpression change the concentration of these key regulatory molecules to affect cell size, these experiments do not imply that the concentration of these molecules change in wild type cells as they grow through G1. Our studies of protein concentration dynamics therefore complement the previous genetic studies by identifying the key regulators whose concentrations are in fact changed by cell growth in G1 to drive cell cycle progression, such as Rb and p107.
Conceptually, our work shows how cell size signals can originate in any part of a pathway or network. For a protein to be a 'size sensor' all that is required is that the protein's concentration changes with cell size, and that this concentration change influences cell cycle progression.
Here, we identified the size sensors Rb and p107, which are two cell cycle inhibitors in the middle of the mammalian G1/S regulatory pathway. Following similar logic, we previously identified the cell cycle inhibitor Whi5 in budding yeast as a cell size sensor. While Whi5 is functionally similar to Rb, in that both proteins inhibit transcription factors at the core of the G1/S transition, they share no sequence similarity and have a different evolutionary origin 21 . That both these transcriptional inhibitors serve as size sensors by being diluted by cell growth demonstrates a deep conservation of the systems level logic at the core of cell cycle control.
Materials and Methods
Cell Zeocin resistant cells were maintained as polyclonal cell lines.
RB1 knockout HMEC-hTERT1 cells were generated using the Alt-R® CRISPR-Cas9 system from IDT following the manufacturer's protocol. Briefly, the guide crRNA:tracrRNA duplexes were formed by mixing a universal tracrRNA with a predesigned specific crRNA in IDT duplex buffer to a final concentration of 3 µM each. For annealing, the mixture was incubated 5 minutes at 95ºC and then allowed to cool to room temperature. Then the crRNA:tracrRNA duplexes were mixed with purified Cas9-NLS protein at 1:1 molar ratio in Opti-MEM™ low-serum media (Gibco) for RNP particle formation. The RNP particles were transfected into the cells using the between the homology arms, a sequence coding for the chosen tag (2xGGGSG linker-eGFP3xFLAG for p21, and 3xFLAG-3xGGGSG-Clover-3xGGGSG-sfGFP for Rb). This cassette was followed by a thymidine kinase gene for negative selection against the cells with off-target incorporation of the donor DNA. The cells were cultured in the presence of ganciclovir for negative selection, then GFP-positive cells were sorted clonally by FACS. The clones were expanded and screened using PCR, Sanger sequencing, and immunoblotting to confirm correct tagging.
Cell imaging
In preparation for imaging, cells were seeded on 35-mm glass-bottom dishes (MatTek) at low density and incubated overnight at 37°C and 5% CO 2 . Then, the cells were moved to a Zeiss Axio Observer Z1 microscope equipped with an incubation chamber and imaged for 48 to 72
hours. Brightfield and fluorescence images were collected from three dishes at multiple positions every 10-20 minutes using an automated stage controlled by the Micro-Manager software 41 . We used a Zyla 5.5 sCMOS camera, which has a large field of view allowing us to 
RT-qPCR
Total cellular RNA was isolated using an RNeasy kit (QIAGEN). Quantitative RT-PCR (RTqPCR) was performed using an iTaq Universal SYBR green one-step kit (Bio-Rad) on an iQ5
Bio-Rad instrument. For each sample, the measured mRNA amounts were normalized to gapdh, and then for each gene, the resulting mRNA concentration values were scaled by dividing them by their mRNA concentration in the smallest G1 cell sample. RT-qPCR experiments were performed with two technical replicates and at least 3 biological replicates.
We used qPCR primers designed by IDT: gapdh (Hs.PT.39a.22214836); β-actin Tumor sections were obtained from a previous study 35 . Briefly, in that study, Kras +/G12D ; Trp53 and Clover-3xFLAG-Rb-negative cells were analyzed from four different fields of view and an average nuclear size was calculated for each individual tumor. Clover-3xFLAG-Rb-positive and Clover-3xFLAG-Rb-negative cells were compared using a two-tailed t-test. Each tumor was then treated as a biological replicate (n = 3).
Image analysis
For microscopy data quantification, cell nuclei were segmented using the mCherry channel for mCherry-NLS expressing cells or the GFP channel for GFP-tagged Rb and p21 expressing cells. Segmentation was performed by Gaussian filtering and thresholding using manually chosen parameters, followed by opening and closing the segmented regions using the Matlab functions imopen and imclose. Nuclei were manually tracked over time with the aid of a custom Matlab graphical interface. In cases where automated segmentation failed to separate neighboring nuclei, the fused object was split by applying a watershed algorithm while decreasing the morphological structuring element until the desired number of distinct nuclei appeared. Pixel intensities in each channel were summed after applying a location-dependent intensity adjustment to account for our microscope's optics, where the center of an image is illuminated more brightly than the periphery. Then, each object's local background was subtracted to account for fluorescence of the cell medium. For the Rb-3xFLAG-Clover-sfGFP and p21-eGFP-3xFLAG cells, we verified the results of this semiautomatic tracking pipeline by manually segmenting and tracking the cells using ImageJ. For each cell, the transition from G1
to S phase was determined by the onset of Geminin accumulation or Cdt1 degradation. To determine the Rb accumulation rate in S/G2, a linear fit was used to approximate the Rb dynamics for each cell, and the the Rb accumulation rate was measured as the slope of this line. 
